Abstract -The marbled crayfish or Marmorkrebs, Procambarus fallax (Hagen, 1870) f. virginalis, a parthenogenetic freshwater crayfish belonging to the North American cambarids, was recorded in Hungary for the first time. Several specimens of this potentially invasive crayfish were caught at different locations in the thermal Lake Hévíz and its outflows in the western part of the country. Captured individuals covered a wide size range (5.5 to 50.5 mm carapace length) and one was carrying eggs and recently hatched offspring, which suggests that this organism has established a stable and self-sustaining population in the warm habitats of Lake Hévíz area. This finding is of great significance because these habitats belong to the catchment of the Danube River including Lake Balaton, and thus, a significant further spread of the marbled crayfish is likely to happen in Central Europe. Furthermore, the expansion of this crayfish already reached the Kis-Balaton, one of the landscape protection areas of the Balaton Uplands National Park, what could have currently yet unpredictable consequences for this unique wetland biotope.
Introduction
Freshwater crayfish have, inter alia because of their large size, omnivorous diet, and burrowing activities, a fundamen-A. Lőkkös et al.: Knowl. Manag. Aquat. Ecosyst. (2016) 417, 16 massive changes since the middle of the 19th century due not only to water pollution and habitat destruction as a result of the ongoing industrialisation, but also by the introduction of North American crayfish species (Holdich et al., 2009) . In addition, the crayfish plague Aphanomyces astaci Schikora 1906, which is a highly contagious disease carried and transmitted by the largely resistant introduced North American crayfish species, causes mass mortalities in European indigenous crayfish populations (Oidtmann et al., 1999) . Consequently, in large parts of Europe, either crayfishes have been completely eradicated or indigenous crayfish species (ICS) have been replaced by their non-indigenous competitors (NICS). In the past, fishery exploitation was the primary motivation for introducing NICS to European inland waters, but the aquarium trade is becoming a serious source of introductions (Schulz et al., 2009) . Because keeping ornamental freshwater crayfish has come into fashion during recent years, the risk that North American species are released into the wild has increased alarmingly. Eleven NICS were already recorded in Europe to date, and most of them are well established (Chucholl, 2013; Kouba et al., 2014) .
One of the NICS is marbled crayfish (in German: Marmorkrebs) Procambarus fallax (Hagen, 1870) f. virginalis (Martin et al., 2010) which was discovered for the first time in the German aquarium trade in the midnineties of the last century (Lukhaup, 2001) . Although its geographic origin and natural distribution is still unknown, Martin et al. (2010) identified this crayfish as the parthenogenetic form of the cambarid slough crayfish P. (Ortmannicus) fallax (Hagen, 1870) , which has its natural range throughout Florida and in southern Georgia (Hobbs, 1989) . Marbled crayfish attract particular attention because it is the only obligate parthenogenetic decapod known to date (Scholtz et al., 2003) which produces genetically uniform progeny (Martin et al., 2007; Vogt et al., 2008) and is a triploid organism (Martin et al., 2016) . Because of this unusual reproduction mode, marbled crayfish is not only an interesting research object for a variety of scientific disciplines but also represents a menace as potential invader since a single individual once released from aquaria into the wild might be able to found a new population (Marten et al., 2004; Faulkes, 2010) . Indeed, marbled crayfish rapidly established populations in Madagascar, threatening the endemic freshwater biodiversity (Jones et al., 2009; Kawai et al., 2009) . However, even in Europe, where the warm adapted crayfish encounters rather less favourable climatic conditions, several human-mediated occurrences in the wild have been recorded in five countries (latest updated summary is given in Chucholl (2014) ). The principal cause for this success in the latter case is the wide distribution of marbled crayfish in European aquaria, which increases the risk of illegal releases into nature (Chucholl, 2013) . Thus, it is certain that the number of affected countries will continue to increase.
In Hungary, three ICS are known to occur: the noble crayfish Astacus astacus (Linnaeus, 1758), the narrowclawed crayfish Astacus leptodactylus Eschscholz, 1823, and stone crayfish Austropotamobius torrentium (Schrank, 1803) (Thuránszky and Forró, 1987) . Despite the depletion of the population by water pollution and crayfish plague, A. astacus is found in the entire country, whereby it is more common in western and northern territories. Astacus leptodactylus, however, is less widespread and more restricted to lowland waters. Austropotamobius torrentium is the rarest ICS in the country and only occurs in few mountain streams in the western and northern part of the territory (Puky et al., 2005) . Apart from these native species, two North American NICS are also established in Hungary. The spiny-cheek crayfish Orconectes limosus (Rafinesque, 1817) was introduced from Germany at the end of the 1950s (Thuránszky and Forró, 1987; Puky and Schád, 2006) and has rapidly spread in the Danube catchment area since the middle of the 1980s (Holdich, 2002; Puky and Schád, 2006) . The second NICS is the signal crayfish Pacifastacus leniusculus (Dana, 1852) which may have immigrated to North West Hungary around 2000 from Austria, where this species was introduced in the 1970s (Illés, 2002; Kovács et al., 2005) . In addition to these two established NICS, a further North American species, the red swamp crayfish Procambarus clarkii (Girard, 1852), was recently recorded for the first time in a thermal lake near the Hungarian capital of Budapest (Weiperth et al., 2015) and thus, it can be assumed that this NICS will be established in the country too.
Kis-Balaton (English: Little Balaton), comprising the Lake Hídvégi and the largely reedy Lake Fenéki, is one of the greatest and most important marshland biotopes in Europe. Because of its uniqueness, about 150 km 2 of Kis-Balaton and its surrounds are strictly protected as part of the Balaton Uplands National Park by the Habitats Directive of the European Union (Natura 2000) (Government of Hungary, 2004) and by the Ramsar Convention, which included this area in its "List of Wetlands of International Importance" (Ramsar Convention Secretariat, 2015) . Kis-Balaton drains into the River Zala, the most important inflow of the adjacent Lake Balaton, which is the largest lake in Central Europe (596 km 2 ). In the past, KisBalaton was part of Lake Balaton. However, due to human interventions, such as the extension of the only outflow Sió Canal in the 18th century, the water level of Lake Balaton decreased significantly, leading to drainage of large parts of the Kis-Balaton. Consequently, Kis-Balaton became separated and lost its function as nutrient sink. Thus, River Zala could get to the Lake Balaton without any preliminary reduction of its pollution load, resulting in a dramatic increase of eutrophication. To reverse this process, various ecological restoration measures have been implemented to rewet the Kis-Balaton since the 1980s, which improved the water quality of Lake Balaton, and it is currently is regarded as excellent.
In this study, we report the first record of the marbled crayfish in Hungary, describe the unique situation which this crayfish encounters in the newly occupied habitats, and discuss its possible ecological impact on the Balaton Uplands National Park and its further spreading potential in the region.
Material and methods

Study sites
All study sites, including Lake Hévíz, its outflow Északi-árapasztó-csatorna, and the canals Páhoki-övcsatorna and Egyesített-övcsatorna (Figure 1 ), belong to the catchment area Figure 3 ) and is the biggest natural thermal lake in the world. It has been used as a spa continuously since the second century and even today, the appearance of the lake is characterized by dominant bathing buildings ( Figure 1 , small map in the top left). It has a surface area of 4.44 ha and a mean depth of 1.5-1.8 m with a maximum depth at 38.5 m. The lake is fed by moderate temperature (26
• C) and hot (41 • C) springs, which are located in a cave at the deepest part of the lake. The total discharge is about 390 L.s −1 , resulting in a very short, 3.5 days water retention time in the lake. The water temperature of Lake Hévíz varies between 22
• C during the winter and 38
• C in the summer in contrast to the typical 11-12
• C mean annual water temperature of other waters in the region (Figure 3 ). It has calcium and magnesium hydrogen carbonated water with a unique chemical composition and a relatively low concentration of dissolved oxygen (Table 1 ). There is a major (Hévíz-lefolyó) and a minor (Északi-árapasztó-csatorna) outflow, which both flow via several other canals into River Zala (Specziár, 2004) . Due to its warm water year round, Lake Hévíz has been a preferred location for experimental and illegal release of exotic species. For example, several subtropical and tropical plant species have been introduced in Lake Hévíz and its thermal outflows including the India red water-lily Nymphaea rubra var. longiflora Lovassy 1908, which cover a large part of the lake in summer (Szabó, 1998 (Szabó, , 2002 . Several non-indigenous fishes have been introduced. The eastern mosquitofish Gambusia holbrooki Girard 1859 was introduced by authorities around the year 1940 to reduce (unsuccessfully) the mosquito population. Other established species include the rainbow cichlid Archocentrus multispinosus (Günther 1867), the pumpkinseed sunfish Lepomis gibbosus (Linneaus 1758), and the recently recorded jew el cichlid Hemichromis guttatus Günther 1862, all of which are thought to have been released by aquarium hobbyists (Bíró, 1997; Ponyi, 2002; Harka and Sallai, 2004; Specziár, 2004; Harka et al., 2014) .
The Páhoki-övcsatorna ( Figure 1 , site 4) is a one metre deep and four meter wide slowly flowing canal south of Lake Hévíz which flows through the canal Déli-keresztcsatorna into the canal Egyesített-övcsatorna. The water, whose temperature never drops below the freezing point even in cold winters, has a dense submerged vegetation and muddy substrate. The Egyesített-övcsatorna (Figure 1 , sites 5, 6. and 7) is situated a few kilometres west of Lake Balaton and is formed by the confluence of the stream Gyöngyös-patak and the canal Hévíz lefolyó, the southern and most important outflow of Lake Hévíz. The canal is a slowly flowing and densely vegetated water body which flows into the River Zala. The canal is characterized by muddy substrate and has a depth of two metres and a width of five metres. On its final three kilometres, Egyesített-övcsatorna is part of the Balaton Uplands National Park (Figure 1 , sites 6 and 7). The Északi-árapasztó-csatorna ( Figure 1 , sites 2 and 3) is a half a metre deep and one metre wide concrete open air channel which drains Lake Hévíz to the north. All study sites, including their coordinates, are summarized in Table 2 . Since all three water bodies are fed by warm water from Lake Hévíz, their water temperatures are considerably higher than other waters in the region.
Sampling
All first records of marbled crayfish at each study site were coincidental findings during routine surveys of the ecological status of the respective water performed by different coauthors. The samplings took sporadically place in a period from July 2013 to November 2014 (detailed dates are given in Figure 1) .
In Lake Hévíz, marbled crayfish were first caught by means of a benthic multi-mesh gillnet for sampling of fish with a length of 2.5 m and a height of 1.5 m high, and 12 mesh sizes ranging from 5 to 55 mm (European Standard, EN 14757:2005) which is routinely applied for monitoring of fish populations. A follow-up examination at the same area was carried out in the night from 14th to 15th November 2014 by placing single "Pirate" crayfish traps (Bock-Ås Ltd., Finland) baited with cyprinid fish pieces at 12 different locations distributed along the whole shore line over a period of three hours. At all other sites, marbled crayfish were caught by sweeping a dip or long-handled pond net just above the substrate and among the submerged vegetation as usually performed at routine survey of macrozoobenthos. To estimate the reproductive capacity of the detected population, the carapace length of each captured specimen was measured (except of those from sites 6 and 7). For molecular analysis, some of the caught individuals were preserved in in 96% ethanol.
Because of the particular characteristics of Lake Hévíz, we monitored its temperature, dissolved oxygen content, and conductivity at five sampling points in the surface and bottom water layers between 4.30-5.10 a.m. by a dual-input portable multimeter HQ40d (Hach Lange GmbH, Germany). Other water quality parameters of Lake Hévíz were determined at one site on its eastern shore by a compact photometer PF-12 NANOCOLOR r tube tests at sampling point (MACHEREY-NAGEL GmbH & Co. KG, Germany). A summary of all measured parameters is shown in Table 1 .
Molecular analysis
To confirm the preliminary identification of the caught crayfish as marbled crayfish by using morphological characters, we analysed some non-identifiable specimens genetically. We used partial sequences of the mitochondrial protein coding cytochrome oxidase subunit I gene (COI), the standard barcode region used for higher animal groups (Hebert et al., 2003) , and the mitochondrial 12S ribosomal RNA gene, which was already applied for identifying the taxonomic position of marbled crayfish (Martin et al., 2010) . The analyses were performed according the protocol described in Martin et al. (2010) , using the standard universal primer pair LCO1490/HCO2198 designed by Folmer et al. (1994) for amplifying the COI fragment and the primers CF12FOR and CF12REV designed by Braband et al. (2007) for the 12S rRNA gene respectively. The sequencing of the fragments was performed by the service company LGC Genomics Berlin, Germany. Obtained datasets of both forward and reverse strands of the COI and 12S fragments were aligned using the ClustalW Multiple alignment application (Thompson et al., 1994) integrated in the program BioEdit version 7.0.9.0. for Windows (Ibis Biosciences, USA; Hall 1999). Finally, the resulting sequences were manually trimmed by removing the remaining parts of the primer regions.
Results and discussion
The molecular analysis revealed that the examined crayfish have completely identical sequences of both COI and 12S fragments, as already found in marbled crayfish in earlier studies (e.g. Martin et al. (2010) , GenBank r accession numbers: HM358010, HM358014). This result corresponds with our previous preliminary identification, based on morphological characteristics, which indicate that the freshwater crayfish caught in Lake Hévíz and its tributaries were marbled crayfish. This is the first record of P. fallax. f. virginalis in natural waters in Hungary.
The first marbled crayfish was caught by happenstance in the canal Páhoki-övcsatorna during a survey of macrozoobenthos on 31 July 2013 ( with carapace lengths (CL) ranging from 36.4 to 50.5 mm, nine individual from the canal Páhoki-övcsatorna with CL from 5.0 to 28.0 mm, fourteen from the canal Egyesített-övcsatorna with CL from 6.5 to 34.5 mm, and three specimens from the canal Északi-árapasztó-csatorna (CL not measured) ( Table 2) . The relatively large number of specimens of different sizes (total range: CL 5.0 to 50.5 mm, see Figure 4 ), one of which was carrying both eggs and recently hatched offspring, combined with the recapture of eight individuals in the canal Páhoki-övcsatorna after one year, using methods used were not specially intended for crayfish captures on a small number of sampling dates strongly suggest that the population in the region is stable and self-sustaining.
As described above, Lake Hévíz and its outlets is a preferred site for illegal introductions by aquarium hobbyists and thus, it is very likely that marbled crayfish get into the wild in the same way. To estimate the risk of further releases, we interviewed the only three official pet storeowners within an area 20 km around of the study site. The sellers in Hévíz and Keszthely informed us that marbled crayfish, although provided in the past, are not available today. This might be because marbled crayfish have become easily available on the Internet for one dollar or less, sometimes even for free (web research by the authors, see also below). According to store owners, the trade for pets has become less profitable, a trend we have also seen in Germany. However, even if marbled crayfish appears to have been gradually removed from the retail trade (at least in the mentioned two countries), it is still easily available online. For example, even a simple internet research by means of a common search engine (https://www.google.hu/) using the Hungarian term "márványrák eladó" (English: marbled crayfish for sale) led to a large number of results mainly offered by non-commercial providers from all over the country (queried 17 September 2014). Consequently, marbled crayfish is still widespread in the uncontrollable 'grey market' and so we have to anticipate that there are likely to be further releases of this ornamental crayfish in the wild in Hungary. Detailed studies about the relationship between the trade with marbled crayfish and the risk of their release as well as the prediction of their successful establishment in the wild are given in Feria and Faulkes (2011 ), Chucholl (2013 , 2014 , Patoka et al., (2014) and Lipták and Vitázková, (2015) .
The described occurrence of marbled crayfish in Hungary has some characteristics which differ remarkably from other ones in the European continent. Since marbled crayfish have reached the Kis-Balaton via the canal Egyesített-övcsatorna, this is the first time that a category II type of strictly protected area (according to the definition of the International Union for Conservation of Nature (IUCN)) has been directly affected by this crayfish in Europe. Apart from the fact that introduced alien species are generally unwelcome as adulterating elements in national parks that were founded to conserve regional ecosystems of great significance, marbled crayfish could also have an immediate negative impact on the sensible natural balance of this unique marshland biotope. Since freshwater crayfish have not occurred in the area for more than a half century (Puky et al., 2005) , a sudden abundant appearance of such a keystone taxon might dramatically change the diversity and structure of the food web of the area. For example, crayfish can be effective grazers on the water vegetation (e.g. Carpenter and Lodge, 1986; Feminella and Resh, 1989; Nyström, 1999; van der Wal et al., 2013) and thus, a high marbled crayfish density could lead to a significant decline of submerged macrophytes and therefore to an increasing of the nutrient load. This, in turn, would reverse the above-described positive effect of the ecological restoration of Kis-Balaton, which has made the wetland to a retention basin of nutrients from River Zala, leading to the current good water quality of the adjoining Lake Balaton. Also, direct negative effects of crayfish by predation on the macrozoobenthos fauna and amphibians are well documented (Nyström et al., 2001; Moorhouse et al., 2014) , whereas their influence on fishes is rather indirect by reduction of macrophytes which serve the vertebrates as breeding sites and shelter. On the other hand, crayfishes are an important transformer of energy to higher trophic level which can also result in a positive effect on predatory fishes. Detailed reviews of the complex role of crayfish in freshwater ecosystems is given by Nyström (2002) and Reynolds and Souty-Grosset (2012) . The biggest impact through introduced crayfish, however, is on the autochthonous crayfish fauna, as shown in Europe, where ICS have been replaced by North American species in large parts of the continent. At first sight, this effect does not seem to be of great importance in the area affected by marbled crayfish since autochthonous crayfish species have become extinct in Lake Balaton and the lower stretch of its inflowing River Zala in the 1960s due to crayfish plague and the introduction of the European eel Anguilla anguilla Linnaeus 1758 (Padisák, 1999; Puky et al., 2005) . However, future projects for the reintroduction of ICS such as started in the Balaton Uplands National Park at the early 1990s (Puky et al., 2005) could fail in areas already settled with marbled crayfish because of its capability to transmit the crayfish plague (Keller et al., 2014) what would lead to the immediately death of the just resettled native crayfishes.
A further special feature of this Hungarian occurrence of marbled crayfish is the thermal Lake Hévíz, which increases considerably the risk of a long-term establishment of this alien crayfish in the region. As described above, marbled crayfish is, like its sexual ancestors from Florida, adapted to a warmer, subtropical climate and so a sufficiently high water temperature is a crucial factor for its survival in the wild. For example, marbled crayfish requires for an optimal growth and reproduction water temperatures above 20
• C and breeding completely stops at temperatures below 15
• C (Seitz et al., 2005) , but marbled crayfish might be able to withstand low winter temperatures in the European temperate zone (Kaldre et al., 2016 , Veselý et al., 2015 . In the West-Balaton region, however, the thermal Lake Hévíz provides marbled crayfish all year round water temperatures above 20
• C and, because of the large discharge of the lake, its outflows are distinctly warmer than other waters in the surrounding area (Szabó, 1998) . Consequently, even if marbled crayfish would be largely extinguished in the region during a harsh winter, the individuals in Lake Hévíz and its outlets could survive and would be able to recover the population within a short period, not the least due to their asexual reproduction mode. Thus, we fear that this alien crayfish will become an integral part of the fauna of the West-Balaton region.
Moreover, as shown by site 7 in Figure 1 , marbled crayfish has already appeared in the place where the canal Egyesített-övcsatorna flows into the River Zala. Since the Zala estuary to Lake Balaton is only less than five kilometres away from this location, it can be assumed that the arrival of marbled crayfish in Central Europe's largest lake is imminent or has already occurred. However, whether this alien crayfish is able to found a stable population in Lake Balaton will depend on its capacity to adapt to the fluctuating living condition in that water caused by the prevailing continental climate in this region with warm summers and cold winters. Due to its shallow depth of an average of 3.3 m, Lake Balaton is subject to strong seasonal fluctuations on the water temperature, which annually ranges from near the freezing point in winter to almost 30
• C in summer.
Further, the lake is usually ice-covered for about 30 to 60 days between December and February (Vörös et al., 2009) . Consequently, while marbled crayfish on the one hand would find optimal living conditions in summer for three to four months, it would be faced on the other hand by a quite long harsh period in the colder season of the year. Thus, establishment and further development of a marbled crayfish population in Lake Balaton, which is currently settled neither by a native nor by another alien crayfish species, will be dependent on its capability to compensate the potential losses in winter during the short summer period in which reproduction is only possible.
In conclusion, marbled crayfish seems to be established in the region but it is difficult to foresee in which way and to what extent the ecosystem of the landscape protection area Kis-Balaton will be affected by this, and how this alien crayfish will continue to spread. The question arises as to what measures could be taken at this early stage of colonisation to eradicate this introduced crustacean or, at least, to control its expansion. Unfortunately, all proposed methods such as manual removal by netting, trapping, or electrofishing, physical habitat alterations, stocking of predators, and application of biocides, chemicals, or microbial pathogens (Freeman et al., 2010) are either incompatible with the legal regulations for national parks, or are impractical due to the vastness of the affected area. However, we should make the most of this situation and keep a close eye on the further development of the occurrence in the West-Balaton region since this could enable us to gain new insights from the largely unknown interaction between marbled crayfish and European freshwater ecosystems.
